INTRODUCTION
Eutrophic conditions and global climate change have led to a higher occurrence of harmful algal bloom (HAB) formation, especially in temperate cyanobacteria populations (Schindler et al. 2008 , microbial community (Moreno et al. 2004 , Bozarth et al. 2010 , Wu et al. 2014 . Microcystis is considered a biological hazard due to its potential synthesis of potent cyanotoxins, predominately microcystins (MCs), its ability to form blooms and overall negative impacts on aquatic food webs (Chorus & Bartram 1999 , Metcalf & Codd 2012 .
Microcystis is a colony-forming cyanobacterium that has an overwintering phase in the sediment (Rey nolds & Rogers 1976 , Šejnohová & Maršálek 2012 . However, not all Microcystis cells in nature exist as colonies or undergo sedimentation after summer blooms (Read et al. 2014 , Chapman 2016 , and recent research has revealed that it is the growth rates of non-blooming (unicellular) Microcystis in the water column during winter that significantly influence summer HAB formation (Verspagen et al. 2005 , Cires et al. 2013 .
The main drivers of Microcystis blooms are often attributed to abiotic factors, including temperature, light, nutrient, water flow and stratification (Šejnohová & Maršálek 2012) . Top-down pressures by grazers are often viewed as not significant due to the morphology, nutritional value and secondary metabolite production of cyanobacteria (Holm & Shapiro 1984 , von Elert et al. 2003 , Wilson et al. 2006 , Fink et al. 2011 . Nevertheless, Microcystis are grazed by a number of organisms, including protozoa (Van Wichelen et al. 2016); although some specific interactions have been examined (Fyda et al. 2009 (Fyda et al. , 2010 , interactions are generally poorly known, especially when toxic cyanobacteria and ciliates are involved (Finlay & Esteban 1998 , Esteban et al. 2015 , with research mainly focussing on crustacean and metazoan grazers (Ger et al. 2014 , Schmid-Araya et al. 2016 . Subsequently, ciliate−cyanobacteria trophic relationships stand out as a significant knowledge gap (Ger et al. 2016) , where further applied ciliate− cyanobacteria research is needed to identify any species-specific interactions relating to their wider ecological function (Sigee et al. 1999 , Tillmann 2004 , Montagnes et al. 2008 .
One ubiquitous protozoan is the model ciliate Blepharisma, a microphagous filter feeder with a global distribution in fresh, brackish and marine environments (Roberts et al. 2004 , Petz et al. 2007 . When environmental conditions become unfavourable and/ or during nutrient limitation, Blepharisma exhibits 2 important survival strategies: namely, cannibalism and encystment (Giese 1973) . This makes it an ideal candidate to test ciliate−cyanobacteria inter actions, which to date have not been extensively documented.
Although ciliates play a significant role in aquatic ecosystems (Finlay & Esteban 1998) and are frequently observed attached to Microcystis and other cyanobacterial colonies (Canter et al. 1990 , Foissner et al. 1999 , Van Wichelen et al. 2016 , laboratory studies have documented Condylostoma vorticella and Stentor roeselii grazing on Microcystis (Takamura & Yasuno 1983 , Kim et al. 2007 ). The ciliate Nassula sp., has also been observed grazing on other MC-producing cyanobacteria (Canter et al. 1990 , Combes et al. 2013 .
Here, we studied grazing of B. americanum on the MC-producing cyanobacterium Microcystis along with a non-toxic Microcystis strain, and a non-cyanobacterial non-toxic alga of a similar size (Chlorella vulgaris). The Microcystis cells used were noncolony forming. We evaluated the impact of ciliate grazing by measuring prey cell reduction and intracellular MC content, as Microcystis predation has the potential to change population and cell properties, such as density and toxicity (Burkert et al. 2001 , Jang et al. 2003 , Yang et al. 2008 , and affect community composition (Fenchel 1982 , Sarnelle & Wilson 2005 , Wilson et al. 2006 , Chislock et al. 2013 , Ger et al. 2016 . The effects of different prey types on Blepharisma were assessed at population (cell number) and individual (morphology) levels, in order to improve our understanding of cyanobacteria−ciliate interactions.
MATERIALS AND METHODS

Culture conditions for cyanobacterium, chlorophyte and ciliate strains
An MC-producing strain of Microcystis aeruginosa (PCC 7806) and a non-toxic mutant of the same strain (PCC 7806 −mcyB) was provided by the Pasteur Culture Collection of Cyanobacteria (Institut Pasteur of Paris, France). A fresh isolate species of toxic Microcystis (CCAP 1450/17) (Hartnell et al. 2016) and Chlorella vulgaris (CCAP 211/11B) were obtained from the Culture Collection of Algae and Protozoa (CCAP, UK) .
Batch cultures were pre-cultivated in 'cap vented' Corning ® cell culture flasks (Sigma-Aldrich) with a 1:1 mixture of BG-11 media (Sigma-Aldrich) and Volvic ® mineral water and sterile filtered through a 0.2 µm cellulose acetate filter (Minisart ® plus, Sigma-Aldrich). All cultures were grown in a total of 30 ml media and incubated under a single coolwhite fluorescent tube, providing illumination at 7 ± 2 µE m −2 s −1 on a 12:12 h light:dark cycle at 25 ± 1°C (Conviron, CMP6010) and agitated gently by hand daily.
Non-toxic PCC 7806 cultures were also supplemented with 5 µg ml −1 of chloramphenicol (Sigma-Aldrich). The non-toxic PCC 7806 culture strain was ge nerated by insertion of a chloramphenicol resistance cassette into an inactivated peptide synthesis gene required for biosynthesis of the toxic microcystin variant MC-LR (leucine and arginine) (Dittmann et al. 1997) .
Blepharisma americanum was obtained from the CCAP (CCAP 1607/1, UK) and initially established with a 1:1 mixture of BG-11 media and Volvic ® mineral water in Corning ® cell culture flasks. Half a boiled crushed wheat grain was added to promote growth of indigenous heterotrophic bacteria. Culture flasks were placed under the same conditions as the microalgal cultures described above.
Experimental setting
To investigate the grazing of B. americanum on the various microalgal cultured strains and the prey response to predation, ciliates were introduced to individual toxic and non-toxic cultures of Microcystis and C. vulgaris at 2 separate cell densities each. The relative low and high starting densities of ≈3 × 10 5 and ≈1.8 × 10 6 cells ml −1 were chosen to assess the effect of B. americanum, as it showed a range of potential bloom or bloom-forming numbers produced in the environment by cyanobacteria, including Microcystis (Moreno et al. 2004 , Paerl & Huisman 2009 , Bozarth et al. 2010 , Šejnohová & Maršálek 2012 . Grazing incubations were set up in triplicate and compared to control groups. B. americanum cell number, morphology (length, width and biovolume) and cyst formation were assessed over a 32 d experimental period, along with Microcystis and C. vulgaris cell number, cell size (diameter), total biovolume and intracellular cyanotoxin content.
Blepharisma americanum cultures
To initiate the grazing experiment, B. americanum first needed to be isolated from its primary food source and starved. When reared on heterotrophic bacteria, B. americanum regularly achieved up to 8000 cells ml −1 . Through a combination of repeated dilutions in fresh 1:1 BG-11:Volvic ® mineral water and micro-pipetting, ciliate densities were reduced to 1000 cells ml −1 , and ciliates were then starved for 48 h. Before being combined with the prey, samples were checked with light microscopy to confirm the absence of heterotrophic bacteria in the media and ciliate food vacuoles.
As B. americanum are known to be cannibalistic (Giese 1973) , 2 control groups were set up in triplicate to observe if that feeding habit existed under the experimental conditions selected for this study. One 30 ml culture condition (triplicate) contained 100 cells ml −1 of B. americanum with no additional food source. The second control contained the same media volume and cell densities supplemented with 5 µg ml −1 of chlor amphenicol. Chloramphenicol was added as its mode of action is to inhibit protein synthesis and it has the ability to affect ciliate motility (Wu et al. 1996) .
Microalgal cultures
Stock cultures for controls from both organisms at a high biomass (high-exponential phase ≈8 × 10 6 cells ml −1 ) were diluted to 1 × 10 5 cells ml −1 in triplicate (30 ml total). When cultures reached cell counts of ≈3 × 10 5 (low) or 1.8 × 10 6 (high) cells ml −1 , sizes (diameters) and intracellular toxin levels were measured. The cell densities were grown from relatively low numbers (lag phase) and chosen to experiment on as parameters like growth rates, morphology and toxin content per cell can change during different phases of a batch cycle (Long et al. 2001 , Li et al. 2013 .
All test groups (exposed to B. americanum) were set up in the same way as the control groups but to a sample volume of 27 ml, allowing for 3 ml of B. americanum (1000 cells ml −1 ) for a final sample volume of 30 ml with 100 ciliates ml −1 . All control and test groups were kept under the same conditions as the stock cultures and gently agitated daily.
Microalgal enumeration and sizing
Total Microcystis and C. vulgaris cell counts were measured approximately every 3 d by flow cytometry using an Accuri C6 (BD Biosciences). Detection and discrimination of Microcystis was carried out using an argon ion 488 nm solid state laser (20 mW) and a forward angle light scatter detector (FSC-W, 90 ± 13°), which recorded cell size, and a 640 nm red diode laser (1.7 mW) with a far-red channel detector (FL4-H, 675 ± 12.5 nm, band-pass filter) which recorded fluorescence emission from the photosynthetic accessory pigment phycocyanin. C. vulgaris measure-ments were carried out using the same 488 nm laser for both forward scatter detection (FSC-W) and separately for intracellular chlorophyll signals through a near-red detector (FL3-H, > 670 nm, long pass filter).
Cell diameters were calculated through a 6-point calibration curve from flow cytometry grade polystyrene sizing beads ranging from 2.0−14.5 µm (Spherotech), with biovolume determination based on the volume of a sphere, V = 4/3 πr 3 , where r = radius.
Enumeration and sizing of B. americanum
Ciliate samples (0.5 ml) were fixed with Lugol's iodine (final concentration 0.0175% v/v) to 1 ml. Ciliate cell and cyst numbers were determined through light microscopy (BX51 microscope, Olympus) at 40× magnification in a Sedgewick-Rafter chamber at the same time as photosynthetic microbe counts.
Ciliate cell sizes (length and width) were measured using the same samples at 100× magnification and a semi-automatic image analysis system (Camera DP70, Software package Cell ^F, both Olympus), with biovolumes assumed to be a rotational ellipsoid (Olenina et al. 2006 
, with a minimum of 10 ciliates measured.
Toxin analysis
Samples were filtered through a Whatman ® GF/ C glass microfibre disc at a volume of 1 ml approximately every 6 d. These were immediately stored at −80°C and freeze-thawed 3 times prior to extraction (room temperature). Filter discs were placed in a glass beaker containing 10 ml of 80% methanol and allowed to extract for 24 h at 4 ± 1°C before ultra high performance liquid chromatographytandem mass spectrometry (UHPLC-MS/MS) analysis (Turner et al. 2018) . In brief, a Waters Acquity UHPLC system coupled to a Xevo TQ tandem quadrupole mass spectrometer (MS/MS) was used with a 1.7 µm, 2.1 × 50 mm Waters Acquity UHPLC BEH (bridged ethyl hybrid) C18 column, held at + 60°C. Mobile phases were A1 (water + 0.025% formic acid) and B1 (acetonitrile + 0.025% formic acid). The UHPLC gradient, MS/MS source conditions and selected reaction monitoring transitions were as previously specified (Turner et al. 2018 ). Quantitation of MCs was performed against external calibration standards. Measurements of MCs were divided by cell counts to calculate the mass of toxin cell −1 in femtograms (fg).
Statistical analysis
To test the effects of ciliate grazing on Microcystis and C. vulgaris, an unpaired Student's t-test or its non-parametric equivalent (Mann-Whitney U-test) was performed between control (negative ciliates) and test (positive ciliates) cultures at both starting photosynthetic microbe densities to assess significant differences (p < 0.05) in cell numbers, cell size (diameter), total biovolumes and intracellular toxin (MC-LR) content over the experimental period. A linear regression was run if an intracellular toxin significantly differed over the experiment to assess changes in MC production in response to predation.
Changes in mean B. americanum cell numbers, cyst abundance and morphology (individual biovolume, lengths and widths) across all test and control cultures at both densities were analysed through a Kruskal-Wallis ANOVA on ranks. If ciliate abundance dropped to 0 before 32 d (due to population mortality), observations were still conducted until the end of the experiment, as B. americanum has the potential to re-emerge from an encystment phase. When a morphological parameter significantly changed over the experiment, a linear regression analysis was performed in order determine the effect of prey as a food source. All statistical analyses were carried out with SigmaPlot 13.0 (Systat Software) for windows and reported as means ± SE.
RESULTS
Microalgal cell numbers
Blepharisma americanum only had a grazing impact on non-toxic Microcystis PCC 7806 and Chlorella vulgaris cultures ( Fig. 1) . At low starting densities, there were significantly more cells in the controls for both test photosynthetic microbe cultures over the experimental period (both p < 0.001), where nontoxic PCC 7806 recorded ≈4.7 × 10 6 ± 4.4 × 10 5 cells ml −1 more and C. vulgaris ≈5.9 × 10 6 ± 1.5 × 10 6 cells ml −1 on Day 32 ( Fig. 1 ).
For incubations with relatively high initial prey densities, only non-toxic PCC 7806 was significantly impacted by grazing (p < 0.001), recording ≈1.0 × 10 7 ± 1.4 × 10 5 cells ml −1 more in the control. Although no significant difference was observed in C. vulgaris cell numbers over 32 d, the mean populations did have ≈4.7 × 10 6 ± 2.2 × 10 6 cells ml −1 more in the control compared to the test culture at the end of the (Fig. 2) . However, there was a significant difference between the last 2 wk in C. vulgaris densities (p < 0.05).
Microalgal cell size (diameter)
A significant cell size (diameter) difference was only recorded in C. vulgaris (p < 0.05) with high starting densities, where the control (3.51 ± 0.07 µm) had a larger mean diameter over 32 d compared to cultures with grazing B. americanum (3.43 ± 0.08 µm). However, significant differences in size of C. vulgaris were not recorded between Days 13 and 32 (p > 0.05). Toxic PCC 7806, non-toxic PCC 7806, CCAP 1450/17 and C. vulgaris recorded a combined mean (control, test and both starting densities) of 4.81 ± 0.03, 3.70 ± 0.04, 3.59 ± 0.05 and 3.53 ± 0.04 µm, respectively.
Microalgal total biovolume
At both low and high starting densities, the final total biovolume of prey was significantly different between the control and test conditions for only nontoxic PCC 7806 (low p < 0.001, high p < 0.05) and C. vulgaris (both p < 0.001). At low starting prey densi-ties, final total biovolumes of non-toxic PCC 7806 and C. vulgaris were 5.7 × 10 7 ± 1.9 × 10 7 µm 3 and 7.6 × 10 7 ± 1.6 × 10 7 µm 3 more in respective controls. Likewise, the controls in the high starting prey densities had a larger total biovolume, with non-toxic PCC 7806 recording 3.2 × 10 8 ± 1.1 × 10 7 µm 3 more and C. vulgaris 9.2 × 10 7 ± 4.6 × 10 5 µm 3 on Day 32.
Microalgal toxin content
Toxic PCC 7806 and CCAP 1450/17 were the only strains that produced intracellular cyanotoxins from the standards tested (Turner et al. 2018) . Toxic PCC 7806 intracellular MC (MC-LR) content significantly differed between the control and test groups at both initial prey densities (both p < 0.001), whereas CCAP 1450/17 did not (both p > 0.05).
Mean toxic PCC 7806 intracellular MC-LR was 2.62 ± 0.15 fg cell −1 for the high and 2.65 ± 0.14 fg cell −1 for the low density control, which was 20.6 ± 0.2% and 43.2 ± 0.2% more than both cultures containing ciliates, respectively (Fig. 3) . CCAP 1450/17 recorded a combined control and test mean of 1.30 ± 0.05 fg cell −1 for high and 1.84 ± 0.17 fg cell −1 for low prey densities.
Although there was a significant difference in toxic PCC 7806 mean MC-LR intracellular content, a linear regression analysis revealed no correlation with MC-LR levels over time at both densities (p > 0.05). Representing both culture conditions and densities, toxic PCC 7806 recorded a range of 0.70−4.04 fg cell −1 , which both increased and decreased against preceding sample points with no clear regression.
Even though both toxic PCC 7806 and CCAP 1450/17 showed no significant cell number or total biovolume reduction in the presence of B. americanum, we observed that ingestion of toxic cells occurred ( Fig. 4) . Despite toxic Microcystis cells being evident in food vacuoles, these digestive organelles migrated relatively quickly to the posterior end of B. americanum, where cells were then expelled through the cytoproct between 5 and 10 min after initial ingestion (Fig. 5) .
Ciliate densities
B. americanum cell densities significantly changed between all test cultures and the 2 controls from both initial prey densities over the experimental period (p < 0.001). A post hoc analysis (Tukey's test) confirmed 2 sub-groups, with all the controls and cul- Compared to the initial count of 100 cells ml −1 , ciliate densities in the presence of toxic cyanobacteria decreased dramatically after the first 2 d, with no more counts recorded for both the controls and MC-LR-containing cells from Days 9 and 11 in both initial microalgal densities (Figs. 1 & 2) .
In contrast, B. americanum populations survived in all non-toxic test cultures. Consumption of non-toxic PCC 7806 and C. vulgaris was observed throughout the experimental period where ciliate populations increased over time, albeit much slower on the diet of cyanobacteria (Figs. 1 & 2) .
Although the post hoc analysis reported that all ciliate numbers from surviving cultures were in the same sub-group, the final densities by the end of the experiment were relatively different, with non-toxic PCC 7806 recording 95 ± 16 (low) and 33 ± 2 cells ml −1 (high) and C. vulgaris with 88 ± 5 (low) and 128 ± 6 (high) cells ml −1 on Day 32 ( Figs. 1 & 2) . 
Ciliate morphology
All ciliate morphological dimensions recorded (biovolume, length and width) showed a significant difference between the 2 test cultures (non-toxic PCC 7806 and C. vulgaris) in which B. americanum survived throughout the experiment (all p < 0.001). A post hoc analysis (Tukey's test) revealed 2 subgroups that were species specific.
Ciliate individual biovolumes that grazed on C. vulgaris had a mean 7 times higher than non-toxic PCC 7806. Ciliate lengths were also longer when fed on a diet of C. vulgaris over the 32 d, recording a mean of 152.2 ± 1.1 µm compared to non-toxic PCC 7806 at 121.5 ± 1.6 µm. Similarly, widths of B. americanum grazing on C. vulgaris showed a larger mean of 42.3 ± 0.4 µm compared to the cyanobacterium diet of 32.5 ± 0.5 µm.
A linear regression analysis for ciliate morphological dimensions over time did not show any significant differences when feeding on C. vulgaris (all p > 0.05) for both starting prey densities. Conversely, ciliates with a diet of non-toxic PCC 7806 decreased in biovolume the longer they grazed on the cyanobacterium. The combined mean biovolumes of B. americanum cells in both non-toxic PCC 7806 test cultures on the first day of sampling was 1.2 × 10 5 ± 1.5 × 10 4 µm 3 , double that of B. americanum on Day 32 (Fig. 6) .
The mean lengths of B. americanum did not significantly change when fed with non-toxic PCC 7806 over 32 d for both initial starting densities (both p > 0.05). In contrast, mean B. americanum width did change significantly over time when grazing on both non-toxic PCC 7806 initial prey densities (both p < 0.01), recording a combined mean of 39.7 ± 1.6 µm on Day 0 to 28.4 ± 1.1 µm on Day 32 (Fig. 6) .
Ciliate cysts
Cyst number showed a significant difference between all conditions (p < 0.05); this was due to C. vulgaris low density test cultures containing a mean of 0.2 ± 0.1 cysts ml −1 compared to a combined mean of all the other cultures over the 32 d at 1.9 ± 0.2 cysts ml −1 . A general decrease in cyst counts was observed for all conditions, as over half of all total cysts observed (55%) were recorded in the first 6 d at 3.8 ± 1.6 cysts ml −1 and 27% of the total cyst count was record over the next 7 d at 1.9 ± 1.0 cysts ml −1 .
DISCUSSION
Microalgal cell abundance and morphological responses to Blepharisma americanum grazing
Ingestion of all Microcystis and Chlorella vulgaris strains was observed, even with cells that had intracellular MC-LR. However, those cells that contained MC-LR (toxic PCC 7806 and CCAP 1450/17) were seen to be actively expelled on a constant basis from ciliate food vacuoles into the culture media via the cytoproct (Fig. 5) . Therefore, grazing of B. ameri- PCC7806 and C. vulgaris) were significantly lower when incubated with B. americanum compared to their controls. It must be noted that nontoxic Microcystis PCC7806 final control densities were different from the 2 toxic strains. The slower growth can be attributed to the protein inhibitor chloramphenicol, which was used to select for non-toxic cells (Dittmann et al. 1997) , and that toxic strains are better adapted to carbon nutrient limitations (Jähnichen et al. 2007 , Van de Waal et al. 2011 ). However, the negative effect on non-toxic cell numbers and ingestion of toxic cells suggest that prey items cannot be selectively handled and only discriminated when they enter the digestive system of the ciliate.
Consequently, digesting only non-toxic cells would select for a toxic (MC-LR) HAB-forming species, potentially altering microbial community structure. This study further contributes to the limited knowledge of ciliate−cyanobacteria interactions, as only Condylostoma vorticella, Stentor roeselii and a Nassula sp. have been documented to graze on Microcystis (Takamura & Yasuno 1983 , Kim et al. 2007 or an MC-LR producing cyanobacterium (Combes et al. 2013 ). Similar to these observations, we observed a suppression of Microcystis densities; however, more importantly, this work highlights an advance in ciliate−cyanobacterial interactions with evidence that a cyanotoxin (MC-LR) played a role in ciliate grazing and cyanobacterial mortality rates. As Takamura & Yasuno's (1983) field observations recorded no MC-LR levels, and Kim et al. (2007) used a Microcystis culture which did not produce MCs (M. aeruginosa NIES-44), the presence or absence of MC-LR in this grazing experiment confirms a relationship between ciliate survival and the abundance of cyanobacteria.
Compared to other protozoa, B. americanum has relatively efficient maximum clearance rates when optimal food particle sizes are present. Fenchel (1980) calculated that maximum clearing rates of prey items as a function of cell size are optimal with cells at 6 µm. Here, non-toxic PCC 7806 and C. vulgaris had a combined mean diameter from both densities in test conditions of 3.78 ± 0.06 and 3.48 ± 0.06 µm, respectively. As maximum clearance rates in terms of prey cell sizes needed to be increased by 61.5 ± 2.4% for non-toxic PCC 7806 and 76.1 ± 2.8% for C. vulgaris to match the optimal size of 6 µm (Fenchel 1980) , it could underline why both culture strains did not experience a complete population reduction and densities were only suppressed over the experiment (Figs. 1 & 2) . Colony induction as a morphological response to a flagellate grazer (Och romonas sp.) has been demonstrated in 2 strains of M. aeruginosa (CCAP 1450/1 (Burkert et al. 2001 ) and PCC 7820 (Yang et al. 2008 ); however, it was not observed during this grazing experiment.
The population morphology of environmental Micro cystis when in mass bloom can often be described as colonial. Configuration of such HABs can mechanically interfere with filtering appendages (Lynch 1980 , Lampert 1987 , Wilson et al. 2006 ), raising questions about the suitability of the strains used, as they existed as unicellular cultures. However, ciliated protozoa such as Blepharisma and their ecological significance go beyond the mass uptake of prey items. Before an algal bloom such as Microcystis can develop, growth rates must exceed the sum of all population losses, which is significant in the water column for non-blooming overwintering Microcystis (Verspagen et al. 2005 , Cires et al. 2013 ).
Microalgal toxin content
In this study, toxic PCC 7806 and CCAP 1450/17 recorded intracellular MC-LR, with toxic PCC 7806 reporting significantly lower MC-LR levels during the grazing incubation. Although the fate of cell-bound MC-LR was not determined during the experiment, it is possible that the toxic metabolite was expelled into the media, potentially pointing towards a metabolic release due to predation/ingestion or intracellular breakdown, although the exact fate of synthesized MCs still remains unclear (Rohrlack & Hyenstrand 2007) . However, we found a high degree of variability in intracellular MC-LR content over time. The variably of MC production could be ex plained by the efficiency of MC conjugate formation influenced by oxidative stress, such as light, and the specific ex pression levels of MC biosynthesis genes from individual strains (Zilliges et al. 2011 , Meissner et al. 2013 . Therefore, factors such as differences in light irradiance due to the culture position in the incubator, a lytic response to a virus (Paerl & Otten 2013) or a response difference due to their culture lineage being isolated over 44 yr apart could have affected cyanotoxin synthesis. Nonetheless, it was clear that the presence or absence of intracellular MC-LR played a significant role in the predation and control of Microcystis and C. vulgaris from B. americanum grazing.
Genetic evidence has shown toxic cyanobacterial secondary metabolites to pre-date the evolution of potential grazers (Rantala et al. 2004) . Since there are high levels of sequence divergence and the sporadic distribution of MC synthesis genes in modern cyanobacteria, it may underline why the roles of the cyanotoxins are contradictory, especially when predators are involved (Rantala et al. 2004 , Babica et al. 2006 . Here, the differences in intracellular MC-LR levels cannot be associated with the sporadic distribution of MC-LR synthesis genes, as seen in modern cyanobacteria (Rantala et al. 2004) , as both toxic Microcystis strains recorded measurable levels of MC-LR. The expression and regulation of MC-LR may be due to the numerous ecotypes represented in strains, which adapt to survive under specific environments, acclimating to various stresses and responding to their particular surroundings, potentially extending to predation (Kaebernick et al. 2000 , Pimentel & Giani 2014 .
Ciliate population response to grazing
B. americanum populations only survived and reproduced in experimental cultures that lacked intracellular MC-LR, with no rapid egestion of cells documented. In contrast, active expulsion of toxic cells was observed in experimental cultures that had MC-LR; however, despite being seen in the food vacuoles, acute toxicity cannot be confirmed, as active expulsion of toxic cells occurred, and the ciliate populations declined at the same rate as the nutrientstarved controls.
Therefore, the presence of MC-LR during B. americanum grazing indirectly reduces the population of this ciliate, as the absence of this toxin allows the ciliate to feed and fully digest the ingested microalgae, allowing it to maintain and even increase population densities.
The understanding of how MC-LR directly influences B. americanum physiology remains unclear and indeed what triggers the release and regulation of intracellular MC-LR contained within the cyanobacterium cells. It is commonly thought that MC-LR released from Microcystis is induced by the decomposition or lysis of a cell (Watanabe et al. 1992) . Enzymes in the food vacuoles of B. americanum could initiate cell wall breakdown of both toxic Microcystis strains, causing the release of MC-LR. MC-LR within food vacuoles could then generate an expulsion response as seen in this study with minimal impact on overall toxic Microcystis populations.
If MC-LR also acts as a cell signalling info-chemical, there would be a cumulative response when enclosed in a food vacuole, as the cyanotoxin would be more concentrated compared to levels in the sample media, potentially increasing synthesis rates and/or release of the cyanotoxin.
After 3 wk on a non-toxic Microcystis diet, the ciliate populations showed a dramatic increase, but on a diet of C. vulgaris, ciliate numbers steadily increased from the initial drop of 100 cells ml −1 (found in all grazing incubations). With a variance of ciliate growth rates between microalgal prey types, it may indicate a different rate of adaptation to food sources by a small number B. americanum, which agrees with studies of grazers on freshwater photosynthetic microbes (especially Microcystis) that certain local adaptions or genotypes can be favoured (Fenchel 1982 , Sarnelle & Wilson 2005 , Chislock et al. 2013 ). The grazing pressure towards selecting and feeding on non-MC-LR-containing algae therefore has the potential to alter aquatic ecosystems, shifting HAB toxicity dynamics.
The nutritional value of cyanobacteria for a grazer has for a long time been perceived to be very low (Holm & Shapiro 1984 , von Elert et al. 2003 , Fink et al. 2011 . When sustained on non-toxic Microcystis, the mean width and consequently total biovolume of individual B. americanum decreased over time. A similar morphological response was also observed in the ciliate control without prey, where the cell shape of B. americanum became elongated or spindle shaped under nutrient limitation (Giese 1973) . As this study was conducted over 32 d, a better understanding of protozoan morphological responses to grazing on MC-LR-containing cells could be seen, which may not be noted in shorter-term experiments like that of Combes et al. (2013) .
Unfavourable conditions such as nutrient limitation, temperature, pH and oxygen levels can induce a dormant stage or gigantism (cannibalism) in many protozoa, including B. americanum, although under nutrient stress, no sign of cannibalism or increase in encystment took place in this study. Giese (1973) suggested that not forming giants or cysts can be part of adaptive behaviour, so if vegetative cells have not been exposed to regular temporal or seasonal stresses, they will not show rapid physiological heterogeneity. The B. americanum strain used during this experiment has been kept under constant stable conditions (environmental and nutrient) since 1951 (CCAP 1607/1, UK), where as a lineage it would have faced relatively little stress. As adaption to cannibalism or encystment may be lost or take a longer period of time (Giese 1973) , it could account for the slow reproduction rates on a diet of non-toxic cyanobacteria and complete population mortality within the first week under the control settings.
An important biological driver of annual Microcystis blooms is their growth rate from overwintering water column populations (Verspagen et al. 2005 , Cires et al. 2013 , with seasonal changes also playing an important function structuring ciliate communities (Finlay & Esteban 1998 , Esteban et al. 2015 . Therefore, the next logical steps taking the findings from this study would be to determine the relationship between Microcystis and ciliate species such as Blepharisma with mixed food sources, other biological antagonists and under temporal constraints observed in aquatic ecosystems.
Further work on ciliate grazing with Microcystis should also include polysaccharide assays, whereby either increased extracellular polysaccharide for cell aggregation or bound extracellular polysaccharide resulting in thicker cell walls would imply a morphological response, as reported by Yang et al. (2008) . To consolidate the idea that extracellular release of MC-LR was induced by the presence of potential predators in Microcystis populations, future work should record total MC-LR (including external/environmental levels). Additionally, grazed densities of toxic M. aeruginosa could be spiked with MC-LR, where significant differences in cyanotoxin levels and/or cyanobacteria densities would suggest that the cyanotoxin was an anti-grazer molecule and potentially an info-chemical. As there are strong indicators of highly strain-specific interactions with Microcystis and their biological antagonists, freshly isolated environmental strains could represent a more realistic coupled relationship (Van Wichelen et al. 2016) .
Conclusion
The grazing of zooplankton on cyanobacteria is an essential part of aquatic microbial community dynamics, but specific ciliate−cyanobacteria trophic relationships have been severely neglected. Our study has provided insight into the ecological interactions between a specific ciliate and cyanobacteria, where B. americanum was observed to suppress a potentially bloom-forming cyanobacterium and for the first time documents Blepharisma actively grazing on Microcystis. During this study, it was evident that intracellular cyanotoxins (MC-LR) played a significant role in the growth rates and sustainability of microalgae and ciliates. In addition, an exclusive diet of Microcystis was also observed to lower the rate of ciliate density increase and to decrease morphological parameters compared to a diet of the common green alga C. vulgaris. With the ubiquitous nature of protozoa as photosynthetic microbe grazers and their ability to only digest non-toxic cells in ciliates such as Blepharisma, it may suggest that, under certain conditions, grazing pressure will favour toxic HAB development, shifting the dynamics of microbial communities. Species-specific observed feeding inter actions as in this study are of ecological relevance, where indicative trophic processes give a clearer understanding of neglected relationships, such as the ones between ciliates and cyanobacteria.
